Abstract Electrical activity was recorded intracellularly from the muscle cell of guinea-pig taenia caeci in Locke solution. Membrane potential was -46 .4 mV, and spike potentials were discharged spontaneously. Isoprenaline (3 µM) hyperpolarized the membrane and suppressed the spike discharge. The hyperpolarization by isoprenaline was increased at low K (2 mM), while decreased at high K (11.8, 29.5. 59 mM). The hyperpolarization by isoprenaline was potentiated in the presence of external Mg ions, depending on the concentration of Mg (0-9.6 mM). Forskolin (3 µM) and papaverine (30 f1M) hyperpolarized the membrane; the effects were augmented by 1.2 mM Mg. The hyperpolarization in response to 3 ,uM isoprenaline or 100 µM papaverine was inhibited by Mn, Co, and low Ca (1 mM) whereas it was not affected by high Ca (7.5 mM). Verapamil (0.5, 2,uM) had no influence of the hyperpolarization caused by isoprenaline. It was discussed that extracellular and/or intracellular Mg and Ca ions played important roles in the /3-adrenoceptor-mediated action on the smooth muscle membrane of taenia caeci.
responses has never been reported in other kinds of smooth muscles.
In the present work, we used the guinea-pig taenia caeci, and firstly confirmed the potentiating action of Mg on the membrane hyperpolarization induced by isoprenaline, and secondly it was examined whether Mn and Co could take the place of Mg. Results indicated that they did not potentiate but inhibited the /3-action. On these experimental bases, the role of Mg and Ca in the /3-adrenoceptor-mediated action was discussed.
METHODS
Guinea-pigs of either sex (200-300 g) were stunned and bled. A strip of the taenia caeci was isolated 1 mm in width and 3-5 mm in length. The muscle strip was pinned on the silicone rubber in a chamber (1 ml in volume), and Locke solution (36°C) was superfused at a rate of 5 ml/mm. Electrical activity of the muscle cell was measured intracellularly with glass microelectrodes filled with 3 M KCl (30-50 MSS in resistance). Signals were amplified and recorded by an ink-writing pen recorder. In some experiments, signals were fed into differential circuit and the rates of rise and fall of spike potential (dVldt) were measured. Muscle strips were electrically stimulated with the method by ABE and TOMITA (1968) , when necessary.
The composition of the Locke solution was as follows (mM): NaCI,126.6; KCI, 5.9; NaHCO3, 12.0; CaCl2, 2.5; glucose, 11.5. The solution was aerated with 95%02 + 5%C02 (pH 7.3). Experiments were started 2-3 h after mounting the preparations on the chamber. The solutions containing Mg, Mn, and Co ions were prepared by adding appropriate quantities of 1 M MgCl2, 0.1 M MnCl2, and 0.1 M CoCl2 to the Locke solution, respectively. When the concentration of K ions in the solution was changed, the osmolarity was kept constant by adjusting the NaCI concentration. Low and high Ca solutions were made in a similar way. Durgs used were isoprenaline hydrochloride (Nikken), forskolin (Sigma), papaverine hydrochloride (Nakarai), propranolol hydrochloride (Sigma), and verapamil (Knoll A.G.). Forskolin was dissolved in 95% ethanol, and was diluted to the Locke solution to yield a desired concentration. The final concentration of ethanol in the solution was less than 0.3%. This concentration of ethanol had no effects on the membrane activity of the taenia caeci.
As seen in experimental records, the membrane activity in the control solution was composed of spike potential, after-potential, and slow potential changes. The maximal hyperpolarization level of slow potential changes was taken as the resting membrane potential. Values were expressed as mean +S.E., and statistical significance of differences was determined using Student's t-test.
RESULTS
Influence of Mg on the effects of isoprenaline, forskolin, and papaverine
The membrane potential of the muscle cell of guinea-pig taenia caeci was -46 .4 ±0.3 mV (n= 120) in Locke solution (no Mg), and spike potentials were discharged spontaneously. When 3 µM isoprenaline was applied ( Fig. 1 Aa), the membrane was only slightly hyperpolarized and the spike discharge ceased. The membrane potential gradually resumed to the control level and the spike discharge appeared again 1.5 min after the application of isoprenaline. After washing out isoprenaline, bathing solution was altered to Locke solution containing 1.2 mM Mg ions. The membrane potential was -46.9 + 0.4 mV (n = 80) in the presence of 1.2 mM Mg, and spike potentials were discharged spontaneously but less frequently than in the absence of Mg. Effect of 3 µM isoprenaline was again examined in the presence of 1.2 mM Mg (Fig. lAb) . Isoprenaline prominently hyperpolarized the membrane and suppressed the spontaneous generation of spike potential as long as the agent was present. Effect of 10µM isoprenaline was also compared in the absence and presence of 1.2 mM Mg (Fig. 1B) . Isoprenaline (10 , tM) hyperpolarized the membrane and stopped the spike discharge completely both in the absence and presence of Mg. The hyperpolarization was stronger in the presence than in the absence of Mg (Fig. l Bb vs. Ba). When the preparation was incubated with 20ILM propranolol, the membrane was not hyperpolarized by isoprenaline, nor the spontaneous spike discharge stopped (not illustrated). Therefore, the hyperpolarization was due to the /3-adrenoceptormediated action.
It was investigated whether Mg ions influenced the effect of isoprenaline on the electrotonic potential and spike generation (Fig. 2) . In Mg-free solution, spike potentials having various size in amplitude and dV/dt were generated spontaneously (Fig. 2Aa) . Isoprenaline (10ILM) abolished the spontaneity of spike potential, and then electrical stimulations were applied (Fig. 2Ab, Ac) . As intensity of the stimulation was increased, the amplitude and dV/dt of spike potential developed until a maximum spike potential was generated by stronger stimulus. Slow potential changes were generated in the solution containing 1.2 mM Mg, on the top of which abortive or full-size spike potential superimposed (Fig. 2Ba) . On the whole, the spike potential was smaller in amplitude and d V/dt than that in Mg-free solution ( Fig. 2Ba vs. Aa). The spontaneous generation of slow potential changes and spike potential was inhibited by 10 µM isoprenaline. The amplitude of the electrotonic potential induced by weak electrical pulse was smaller in the presence of Mg and isoprenaline ( Fig. 2Bb vs. Ab), indicating an increase in membrane conductance. Electrical stimulation with stronger stimulus intensity was needed in the presence of 1.2 mM Mg to elicit a full-size spike potential ( Fig. 2 Bc vs. Ac). The amplitude and dV/dt of the evoked spike potential in the presence of isoprenaline were even larger than the spontaneous spike potential in control ( Fig. 2Bc vs. Ba). Membrane potential affected by 3 JIM isoprenaline was measured at various external concentrations of K ions in the absence and presence of 1.2 mM Mg (Fig.  3) . The membrane potential was not significantly altered by lowering the K concentration from 5.9 to 2 mM, while the membrane was depolarized by higher K (11.8-59 mM). The depolarization by 10-fold increase in the K concentration between 5.9 and 59 mM was equally 31 mV in the absence or presence of 1.2 mM Mg (cf. 38 mV with the Krebs solution (KURIYAMA, 1970) ). Isoprenaline (3 µM) hyperpolarized the membrane at each concentration of K: the magnitude of hyperpolarization increased at lower K concentration, while decreased at higher K concentrations. The hyperpolarization caused by isoprenaline was larger at each concentration of K in the presence than in the absence of Mg (Fig. 3B vs. A) . Isoprenaline-induced hyperpolarization depended on the external concentration of Mg ions (Fig. 4) . Membrane potential slightly hyperpolarized when the external Mg concentration was increased between 0-9.6 mM. The higher the external Mg concentration, the larger the amount of the hyperpolarization produced by 3 µM isoprenaline; the hyperpolarization was saturated at 4.$ mM Mg. When 3 µM forskolin, a direct activator of adenylate cyclase, was applied in the absence of Mg, spontaneous spike potential was depressed in amplitude and disappeared gradually, accompanied by an initial slight depolarization and the following hyperpolarization of the membrane (Fig. 5Aa) . In the presence of 1.2 mM Mg, the membrane was markedly hyperpolarized and the spontaneous generation of spike potential was quickly suppressed by 3 µM forskolin (Fig. 5Ab) .
The membrane hyperpolarized slightly, and spontaneous spike potential became less frequent and then was abolished by the application of 30 µM papaverine in the absence of Mg; the effects were gradual (Fig. 5Ba) . The inhibitory effect of papaverine was markedly potentiated by 1.2 mM Mg in such ways that the membrane was more hyperpolarized and the spike generation was suppressed sooner (Fig. 5Bb) . Statistical results of the influence of Mg ions on the hyperpolarization in response to isoprenaline, forskolin, and papaverine are shown in Table 1 . In every case, the amount of hyperpolarization was significantly larger in the presence than in the absence of 1.2 mM Mg. Influence of Mn, Go, and Ca on fl-action Effects of isoprenaline on the membrane activity were investigated in the presence of Mn or Co ions. As a control response, 3µM isoprenaline hyperpolarized the membrane by 4 mV and periodic bursts of spike discharge were generated intermittently in this particular case (Fig. 6A ). In the solution containing 0.2 mM Mn, membrane potential was -42.4 + 0.8 mV (n = 20) and the frequency of spike potential increased slightly (Fig. 6B) . When 3 /IM isoprenaline was applied, the generation of spike potential was intermittently depressed, whereas the hyperpolarization of the membrane was not noticeable. In the presence of 1 mM Mn, membrane potential was -39.0 + 0.9 mV (n =9) and the spontaneous discharge of spike potential was blocked (not illustrated). Isoprenaline (3/AM) did not cause a hyperpolarization under this condition. In the presence of 0.2 mM Co, membrane potential was -48.3 + 1.0 mV (n =18) and the frequency of spike potential decrease remarkably (Fig. 6C) . When 3 µM isoprenaline was applied, the frequency of spike potential was further decreased, although the membrane potential was nearly unchanged. In low (1 mM) Ca solution, membrane potential was -45.2 + 0.8 mV (n =18), and the spike potential was smaller in amplitude than control (Fig. 7B vs. A) . Hyperpolarization by 3 µM isoprenaline was decreased, compared with control, and intermittent bursts of spike potentials were generated (Fig. 7B) . High Ca (7.5 mM) solution abolished the spontaneous spike potential in many cases, probably on account of stabilizing action, but electrical stimulation evoked spike potential (Fig.  7C) . Membrane potential was -45.0 + 0.6 mV (n=20). No significant difference was found between the high Ca and control solution concerning the magnitude of hyperpolarization caused by 3 /AM isoprenaline (Fig. 7C vs. A) . and low Ca reduced the hyperpolarization significantly, while high Ca had no effect Fig. 7 . Effects of 3 µM isoprenaline on the electrical activity at altered concentrations of Ca ions (A, 2.5 mM; B, 1.0 mM; C, 7.5 mM). Isoprenaline was applied between the arrows. External Ca concentration was changed 16 and 57 min before the 2nd and 3rd applications of isoprenaline, respectively. Dots indicate electrical stimulation (500 ms in duration, supramaximal intensity). All records were obtained from the same preparation. on the hyperpolarization in the Mg-free Locke solution. The hyperpolarization by 3 JIM isoprenaline was also diminished in the presence of 0.2 mM Mn, and was decreased by lowering Ca (1 mM) in the Locke solution 1.2 mM Mg. Figure 8 shows the membrane effect of isoprenaline in the absence and presence of verapamil, a Ca-entry blocker. In control, 10µM isoprenaline hyperpolarized the membrane maximally by 6 mV and stopped the spontaneous discharge of spike potential (Fig. 8A) . Membrane potential exhibited slow potential changes in the presence of 0.5 µM verapamil; small and abortive spike potential occasionally was generated on the top of slow potential change wave (Fig. 8B) . Isoprenaline hyperpolarized the membrane by 5 mV under this condition. The concentration of verapamil was further increased to 2JM. The membrane depolarized by 6 mV and spontaneous discharge of spike potential ceased; electrical stimulation could induce an action potential which consisted of spike and slow potentials (Fig. 8C) . The hyperpolarization by isoprenaline was 6 mV.
DISCUSSION
The present result on guinea-pig taenia indicate that the hyperpolarization caused by isoprenaline (/3-action) was potentiated by external addition of Mg ions while it was inhibited by lowering external Ca and adding external Mn and Co ions.
In guinea-pig taenia caeci, the hyperpolarization produced by isoprenaline has been considered to be due to the activation of Na pump (WATANABE, 1976) or Ca and presence (B, 0.5,uM; C, 2.0 µM) of verapamil. Isoprenaline was applied between tha arrows. Verapamil (0.5 µM) was added to the bathing solution 87 min before the 2nd application of isoprenaline, and its concentration was raised to 2 µM 40 min before the 3rd application of isoprenaline. Dots indicate electrical stimulation (500 ms in duration, supramaximal intensity). All records were obtained from the same preparation.
pump DEN HERTOG, 1980). However, TOMITA et al. (1985) showed by intracellular recording that the isoprenaline-induced hyperpolarization was increased in K-free solution. In the present work, the hyperpolarization was increased in low (2 mM) K solution while it was decreased in high (11.8, 29.5 , and 59 mM) K solutions (Fig. 3) . This result supports the main involvement of the increase of K-permeability in the hyperpolarization. It is then wondered how external Mg, Mn, and Co influence the increase of K-permeability in the /3-action. The hyperpolarizations by forskolin and papaverine were augmented in the presence of Mg (Fig. 5) . Forskolin directly stimulates adenylate cyclase and elevates the intracellular cyclic AMP level (SEAMON et al., 1981) to relax the muscle of guinea-pig taenia caeci (MULLER and BAER, 1983) . Papaverine inhibits the activity of phosphodiesterase and accumulates intracellular cyclic AMP in guinea-pig taenia caeci (INATOMI et al., 1974) . Cyclic AMP is regarded as the intracellular second messenger in /3-action (see BULBRING and TOMITA (1987) for a review). It therefore becomes possible that Mg enhances cyclic AMP-mediated activation of K channel responsible for the hyperpolarization. The hyperpolarization induced by isoprenaline was potentiated soon after adding Mg to the external solution, and about 20 min was further needed to produce the maximal response (unpublished observation using 3 preparations). This time may have been spent in the permeation of Mg ions into the cell and their binding to the site of action.
Low (1 mM) Ca suppressed the hyperpolarization caused by isoprenaline or papaverine (Fig. 7, Table 2 ), which seems to indicate an involvement of Ca in the /3-adrenoceptor-mediated hyperpolarization. The presence of Ca-dependent K channel has been shown in smooth muscle (see TOMITA (1988) for a review). Then, the K channel responsible for the hyperpolarization may be Ca-dependent. High (7.5 mM) Ca had no significant influence on the /3-adrenoceptor-mediated hyperpolarization (Fig. 7, Table 2 ). This may be ascribed to a saturation of the Ca-dependent site of the K channel.
Divalent cations such as Mn, Co, and Mg are known to compete with Ca for Ca channels to inhibit Ca influx (see HAGIWARA and BYERLY (1981) for a review). The efficiency of Mn and Co is larger than that of Mg in smooth muscle (VAN BREEMEN et a1.,1973) . In the present results, addition of 0.2 mM Mn or Co abolished the hyperpolarization induced by isoprenaline or papaverine (Fig. 6, Table 2 ). Mn and Co may inhibit Ca influx through affecting receptor-operated Ca channel or other pathways of Ca, thus suppressing the Ca-dependent activation of the K channel responsible for the hyperpolarization. It is likely that Mn and Co inhibit Ca influx to suppress the /3-adrenoceptor-mediated hyperpolarization. Nevertheless such a translocation of Ca caused by /3-action has not yet been specified in smooth muscle.
Verapamil blocks Ca influx as well as Mn and Co, but acts preferentially at voltage-dependent Ca channels (see BOLTON (1979) and HURWITZ (1986) for reviews). Hence the fact that the hyperpolarization by isoprenaline was not altered in the presence of verapamil (Fig. 8) may rule out the contribution of voltage-dependent Ca influx to the hyperpolarization.
In conclusion, our experiments suggest that extracellular Mg and Ca ions play important roles in the ,l-adrenoceptor-mediated membrane hyperpolarization: Mg possibly permeated into the cell augmented the cyclic AMP-mediated process of K-channel activation; Ca, presumably translocated into the cell during fl-action, activated the K channels. Mn and Co ions would have blocked the translocation of Ca, and as a result suppressed the hyperpolarization. Relationship between the Mg-dependent (possibly cAMP-mediated) and Ca-dependent processes for K-channel activation remains to be clarified in future.
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